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Introduction
Hypertrophic cardiomyopathy (HCM) is a common inherited cardiac disease with a prevalence of one in 500 in the general population (Maron et al. 1995) , characterized by marked but variable left ventricular hypertrophy and myocardial fibrosis (Gersh et al. 2011) .
HCM is associated with lethal ventricular arrhythmias (Gersh et al. 2011; Maron 2002; Wigle et al. 1995) , and it is the most common cause of sudden cardiac death (SCD) in young individuals (Decker et al. 2009; Maron 2010 ) and in competitive athletes younger than 35 years ). The reliable assessment of SCD risk in individual HCM patients and the identification of patients for implantable cardioverter defibrillator (ICD) implantation, the most effective intervention for SCD prevention, are critically important. Currently models for SCD risk stratification uses non-invasive conventional clinical markers including family history of SCD, unexplained recent syncope, multiple repetitive non-sustained ventricular tachycardia identified on ambulatory ECG, abnormal blood pressure response upon exercise and massive (≥30mm thickness) LV hypertrophy (Gersh et al. 2011; Maron 2010; Monserrat et al. 2003; Spirito et al. 2009; Spirito et al. 2000) . Additional risk modifier factors that help making the decision regarding ICD implantation include marked left ventricular outflow tract obstruction, high risk genotype involving multiple sarcomere mutations, extensive and diffuse late gadolinium enhancement on MRI, apical aneurism in the left ventricle, and coronary artery disease (Maron 2010) . However, all established SCD risk factors exhibit a low positive predictive value and the current SCD risk assessment algorithm in HCM is still considered incomplete and hampered by lack of sufficient evidence for all elements (McKeown and Muir 2013) . This notion is supported by SCD events in HCM patients who were not considered to be at high risk for SCD ).
ECG parameters have been studied for their utility as prognostic non-invasive markers in SCD risk assessment in HCM. The prolongation of the frequency corrected QT interval D r a f t 4 (QTc) and increased QTc dispersion (characterizing spatial repolarization heterogeneity) were observed in patients with HCM (Buja et al. 1993; Dritsas et al. 1992; Yi et al. 1998 ).
However, QTc prolongation and QTc dispersion have been found not to be predictive for SCD in HCM patients (Maron et al. 2001; Yi et al. 1998) . The Tpeak-Tend interval, another ECG parameter representing spatial (including transmural) dispersion of repolarization (Antzelevitch 2001) , has been shown to more reliably predict the development of Torsades des Pointes (TdP) polymorphic ventricular tachycardia in congenital (Schwartz et al. 2001) and acquired long QT syndromes than QTc prolongation or increased QT dispersion (Yamaguchi et al. 2003) . The prolongation of the Tpeak-Tend interval has been associated with SCD in the Oregon Sudden Unexpected Death Study (Panikkath et al. 2011) . In a small number of HCM patients with a cardiac troponin I gene mutation, the Tpeak-Tend interval was associated with SCD (Shimizu et al. 2002) . In addition to increased spatial dispersion of repolarization, increased temporal variability of cardiac ventricular repolarization has been associated with increased propensity for ventricular arrhythmias and SCD in patients with different cardiovascular pathologies (Atiga et al. 1998; Haigney et al. 2004; Piccirillo et al. 2007 ). The beat-to-beat short-term temporal variability of the QT interval (QT-STV) has been suggested as a novel ECG parameter for more reliable prediction of development of serious ventricular arrhythmias both in experimental animal and clinical studies [for a current review see (Varkevisser et al. 2012) ]. However, according to our knowledge, the characterization of QT-STV in patients with HCM has not been addressed in the literature so far.
Therefore, the aim of the present study was to compare conventional ECG parameters of repolarization and QT-STV in HCM patients and age matched healthy volunteers, and to investigate whether there was a relationship between QT-STV and the morphologic parameters of cardiac hypertrophy, proved to be predictors of higher SCD risk, obtained by cardiac echocardiography and MRI in patients with HCM.
Methods

Ethics Statement
The studies described here were carried out in accordance with the Declaration of Helsinki 
Study Subjects
Thirty-seven consecutive patients with hypertrophic cardiomyopathy (HCM) were enrolled into the study. The diagnosis of HCM was based on established diagnostic criteria (Gersh et al. 2011 ). Among the 37 HCM patients, 24 patients were taking beta blockers and 8 patients were taking verapamil as first line therapy. Three patients were taking cardiac medications known to prolong QT interval (two were taking amiodarone and one was taking propafenone).
None of the patients were on any other drug therapy with known QT-interval prolonging effect.
A total of 37 age-and gender-matched healthy volunteers (mean age 43±12 years, males/females 21/16) without a history or evidence of heart disease was enrolled in the study as controls. Body mass index was significantly lower in the control group (25±4 vs. 28±6 kg/m 2 , p=0.007, see Table 1 ). All of the control individuals and HCM patients were of Caucasian origin. To characterize the temporal instability of beat-to-beat repolarization, Poincare' plots of the QT intervals were constructed, where each QT value is plotted against its former value.
QT-STV was calculated using the following formula: QT-STV=∑|D n+1 -D n |/(30x√2), where D represents the duration of the QT intervals. This calculation defines the QT-STV as the mean distance of points perpendicular to the line of identity in the Poincaré plot.
Patients were excluded if they had history and/or clinical documentation of significant comorbidity [e.g. known coronary artery disease, severe obstructive lung disease, pulmonary D r a f t embolism, primary pulmonary hypertension, valvular heart disease, pericardial disease, moderate-severe renal failure (serum creatinine >2 mg/dl), moderate-severe anemia (hemoglobin <11 g/dl)]. All patients with complete left bundle branch block, with rhythm other than normal sinus rhythm (e.g. atrial fibrillation, pacemaker-dependent rhythm), with excessive (>5%) ectopic atrial or ventricular beats or with excessive noise on the electrocardiographic signal that precluded analysis of the ECG waveform, were also excluded.
Patients were instructed not to consume significant amount of food within 3 hours, to drink alcohol, coffee or to smoke within 10 hours.
Echocardiography
All HCM patients and controls underwent transthoracic echocardiographic examination. Twodimensional echocardiographic images were obtained by a commercially available Toshiba
Powervision 8000 echocardiography equipment, in a number of cross-sectional planes using Table 1 .
Cardiac MRI
In all HCM patients, cardiac magnetic resonance imaging (MRI) was carried out to determine the left ventricular mass (LVM). MRI assessments were performed in supine position with the head first on a commercially available 1.5T scanner (Signa Excite HDxT, GE Medical D r a f t 8 Systems) using a phased-array body coil. Sequential gradient-echo short-axis cine images (base to apex; slice thickness: 8 mm; field of view: 43 mm; matrix: 224x224; repetition time: 100 milliseconds) covering the entire LV were acquired during breath hold after normal expiration. Three long-axis images (2-, 3-and 4-chamber views) were also acquired. The acquisition was triggered by ECG. The gradient-echo short-axis images were used to measure LVM by planimetry of the manually defined endocardial and epicardial borders on each short-axis image covering the entire LV. The measurement was performed in both end diastole and end systole to enable calculation of LV ejection fraction. Papillary muscles were not included in the LVM. LVM was also normalized for body surface area (LVM BSA).
Statistics
All data are expressed as mean±standard deviation (SD). Comparisons between HCM patients
and controls for the study variables were done using the independent samples Student's t test for normally distributed parameters. Normal distribution was verified by the KolmogorovSmirnov test. Degree of association between two variables was expressed by the Pearson correlation coefficient (r). The statistical analyses were performed using the MedCalc software package (ver. 14.12.0). Statistical significance was accepted at the p<0.05 level.
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Results
Electrocardiographic parameters in HCM patients and controls
Comparison of ECG parameters between HCM patients and controls are presented in Table 2 .
Patients with HCM exhibited significantly increased RR, PQ and QRS intervals. QTc was significantly prolonged in HCM patients (Figure 1, A) , regardless of the method used for QTc correction (using Bazett's, Fridericia, Framingham or the Hodges formulas). There was no difference between QTc intervals in the HCM group obtained by the different correction methods. The terminal part of the T wave, the Tpeak-Tend interval was also markedly longer in HCM patients (Figure 1, B) . QT dispersion (Figure 1 , C) and short-term QT variability was also markedly increased in patients with HCM (Figure 1, D) . The largest relative increase among the different parameters was seen with regard to short-term QT variability with a relative increase of 41%. Differences between the HCM and control groups remained highly significant when we excluded patients taking QT prolonging drugs (amiodarone or propafenone, n=3) from the comparisons. BMI or obesity status did not correlate with either of the repolarization parameters.
Correlation of repolarization parameters in HCM patients
Correlation between different repolarization parameters, QT dispersion and short-term QT variability are given in Table 3 . The QTc prolongation correlated significantly with the prolongation of the Tpeak-Tend interval, but not the QRS width, indicating that the QTc prolongation was, at least in part, due to the prolongation of the terminal phase of the T wave. 
HCM patients
Correlation between ECG repolarization parameters and echocardiography parameters in HCM patients showed no correlation between these parameters except for a weak correlation between short-term QT variability and left ventricular end-systolic diameter or left ventricular ejection fraction (data not shown).
Correlation between repolarization parameters and indices of left ventricular hypertrophy in HCM patients
Correlation between repolarization parameters and indices of left ventricular hypertrophy (maximal left ventricular wall thickness and left ventricular mass, measured by cardiac magnetic resonance imaging) with or without normalization for body surface area are shown in Table 4 . Degree of correlation increased with normalization in almost all comparisons.
Short-term QT variability showed significant, albeit modest correlation, with both unnormalized and normalized indices of left ventricular hypertrophy (LVmax; LVmax BSA and LVM BSA, Figures 2 and 3) . Tpeak-Tend interval also correlated significantly with some of the hypertrophy parameters, but showed no significant correlation to the most reliable hypertrophy parameter, i. e. LVM indexed for BSA.
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Discussion
In this study we showed that all ECG repolarization parameters, including frequency corrected QT interval (QTc), QT dispersion (QTd), beat-to-beat short-term variability of QT interval (QT-STV) and the duration of terminal part of T waves (Tpeak-Tend) were significantly increased in patients with HCM. QT-STV showed the largest relative increase among the different parameters and also showed the best correlation with indices of left ventricular hypertrophy, i.e. maximal left ventricular wall thickness or MRI derived LV mass, indexed or unindexed for body surface area.
Hypertrophic cardiomyopathy is characterized by morphological and structural changes, including left ventricular hypertrophy, myocardial fibrosis, myofiber disarray, and small vessel disease among them, that may represent an arrhythmogenic substrate of the disease (Maron 2002) . Remodeling in HCM is a progressive process (Olivotto et al. 2012 ) and a very recent study highlighted a close correlation between the development of adverse remodeling and increased risk for SCD in HCM patients (Vriesendorp et al. 2014) . In chronic heart failure, structural remodeling is accompanied by electrical remodeling that includes profound changes in the expression of voltage gated depolarizing and repolarizing ionic currents and exchangers resulting in decreased cardiomyocyte repolarizing capacity [for a comprehensive review see (Nattel et al. 2007) ]. This decreased repolarizing capacity can be brought about by an increase in depolarizing currents (Na + and Ca 2+ ) and decreased potassium channel densities (particularly I K1 , I to and I Ks ), resulting in action potential prolongation manifested as QT prolongation on the surface ECG (Beuckelmann et al. 1993; Li et al. 2004; Tomaselli and Marban 1999) . Increased action potential prolongation favors increased Ca 2+ influx that in turn can facilitate delayed afterdepolarization (DAD) and arrhythmia development (Bers et al. 2006 ). Prolongation of repolarization can also precipitate serious ventricular re-entry type D r a f t arrhythmias via promoting early afterdepolarization (EAD) generation (Michael et al. 2009; Zeng and Rudy 1995) . A particularly interesting observation is the increase in slowly inactivating, late sodium current (I Na,late ), that has been shown to prolong repolarization in heart failure and also to contribute to arrhythmogenesis (Valdivia et al. 2005) . Most interestingly, these elements of arrhythmogenic electrical remodeling have not only been described in congestive heart failure and pathologies leading to cardiac hypertrophy, but a very recent study identified similar changes in cardiomyocytes isolated from HCM patients (Coppini et al. 2013) . The decreased repolarization capacity due to HCM leads to markedly impaired repolarization reserve (Varro and Baczko 2011) and increased arrhythmia susceptibility in HCM, where even drugs or dietary constituents with only mild repolarization inhibitory effects can provoke serious ventricular arrhythmias and SCD.
Impaired repolarization reserve and temporal repolarization instability can be characterized by the calculation of the short-term beat-to-beat variability of the QT interval (QT-STV) which characterizes differences in the duration of QT intervals in consecutive heart beats. This parameter has emerged as a novel parameter for assessing pro-arrhythmia risk in arrhythmogenic cardiac diseases and has been shown to be a more reliable estimate and predictor of pro-arrhythmic risk associated with impaired repolarization reserve as opposed to more conventional ECG parameters of repolarization (Berger 2003; Varkevisser et al. 2012) .
A number of animal experimental and clinical studies (Hinterseer et al. 2009; Hinterseer et al. 2010; Lengyel et al. 2007; Thomsen et al. 2004; van Opstal et al. 2001) found that QT-STV was increased and showed a better correlation with subsequent arrhythmias than repolarization prolongation in animals or patients with decreased repolarization reserve later exhibiting serious ventricular arrhythmias and/or SCD.
D r a f t
13 QT variability has been previously shown to be increased in patients with HCM. The normalized QT variability index (QTVI), measured as described by Berger et al, was shown to be higher in HCM patients than in controls (Atiga et al. 2000) , and the greatest abnormality was detected in patients with malignant HCM mutations (i.e. Arg403Gln mutation of the beta myosin heavy chain gene). In a recent paper (Magri et al. 2014) several myocardial repolarization parameters, including normalized QT variability (QTVN) and QT variability index (QTVI) were shown to be associated with the presence and extent of late gadolinium enhancement (LGE) detected on cardiac magnetic resonance in patients with hypertrophic cardiomyopathy. Both QTVN and QTVI were higher in patients with LGE. Among other parameters, the extent of LGE and sudden cardiac death risk factor burden (the number of traditional risk factors for sudden cardiac death) predicted QTVI. Of note, left ventricular mass index was also associated with QTVN. However, QTVI or QTVN provide a measure of overall QT variability measured during the whole duration of the ECG recording and does not take into account beat-to-beat variations, which might be equally, or even more important.
In our work, QT-STV showed correlation with different indices of LV hypertrophy.
Myocardial hypertrophy is an inherent feature of HCM, the magnitude of which is shown to be related to adverse cardiac events, including sudden cardiac death, in patients with HCM (Spirito et al. 2000) . Indeed, pronounced myocardial hypertrophy, defined as left ventricular wall thickness >30 mm is an independent predictor for SCD in HCM, and a prophylactic ICD implantation for primary SCD prevention is suggested in such a cases by current clinical guidelines (Gersh et al. 2011) . Left ventricular mass, measured by MRI, might be an even stronger predictor for such adverse events, as markedly increased LV mass index was proved to be more sensitive with regard to HCM-related death, than maximal wall thickness (Olivotto et al. 2008) . It is of note that ECG voltage parameters, indicating the magnitude of myocardial hypertrophy, also correlates with adverse events in HCM (Ostman-Smith et al. 2010 ).
In summary, we have provided evidence that among ECG repolarization parameters, the beatto-beat short-term variability of QT interval showed a pronounced increase in patients with HCM. QT-STV also correlated with indices of left ventricular hypertrophy, known to be associated with SCD in HCM. We conclude that QT-STV may represent a novel candidate non-invasive marker which should be tested for increased SCD risk in patients with HCM.
Study limitations:
The study was not designed to assess link between QT variability and increased risk of sudden cardiac death risk. With this regard, it would be necessary to prove that increased QT- .001 (***); n = 37. HCM, hypertrophic cardiomyopathy; QTc, heart rate correction of QT intervals (calculated by the Bazett's formula); QTd, QT dispersion; Tpeak-Tend, duration of the T wave from the peak to the end; QT-STV, beat-to-beat short-term temporal variability of the QT interval. D r a f t 
